ABSTRACT The northern corn rootworm (Diabrotica barberi Smith & Lawrence) in eastern and central North America exhibits at least three distinct populations with respect to Wolbachia infection: uninfected; singly infected; multiply infected. The infected states are associated with different mtDNA haplotypes and reduced mtDNA variability. Multilocus sequence typing (MLST) was used to deÞne strain types and examine the diversity of Wolbachia infecting northern corn rootworm. Four of the Þve MLST genes (coxA, hcpA, fbpA, and ftsZ) were represented by three alleles each. The remaining MLST gene (gatB) had four to six alleles. The uncertainty arose from whether to call two small clusters new alleles or artifacts of the ampliÞcation process. Singly infected individuals had a common set of alleles that deÞned one strain (wBarB). This strain was also a component of the multiple infections. A second strain (wBarA), restricted to the multiple infections, was deÞned by alleles that appeared with substantially greater frequency for each of the Þve loci. By default a third strain would comprise the less frequent third allele of the four loci, but it is not possible to determine to which gatB allele they are linked. Therefore, the strain is not fully deÞned. The diversity of gatB indicates that four to six Wolbachia strains are present in northern corn rootworm, a number that is similar to the Þve variants reported previously for the wsp gene. These results also highlight the very real difÞculty of using the MLST system to deÞne speciÞc strains in a multiply infected host.
Wolbachia are intracellular, endosymbiotic, maternally inherited bacteria belonging to the family of Rickettsiaceae. They infect insects, crustaceans, arachnids, and nematodes (Stouthamer et al. 1999 . The frequency of infection among insects has been measured at rates as low as 15% and as high as 75% (Werren et al. 1995 , Jeyaprakash and Hoy 2000 , Hilgenboecker et al. 2008 , Zug and Hammerstein 2012 . Maternal inheritance is the primary mode of Wolbachia perpetuation. However, on an evolutionary time scale Wolbachia can engage in horizontal transfer as a mechanism for infecting new species (Ono et al. 2001 , Jiggins et al. 2002 , Mitsuhashi et al. 2002 , Tsutsui et al. 2003 , Raychoudhury et al. 2008 , Stahlhut et al. 2010 . Wolbachia have developed an arsenal of ways to manipulate host reproduction that result in more infected females and thus more Wolbachia (Turelli et al. 1992 , McGraw and OÕNeill 1999 , Hiroki et al. 2004 . Hosts superinfected with more than one strain of Wolbachia are not unusual. Multiple infections have been noted in a variety of taxa with superinfection levels of up to eight strains in Þre ants (Dedeine et al. 2005) . A partial list of other taxa exhibiting multiple infections includes raspberry beetles (Malloch et al. 2000, Malloch and Fenton 2005) , tephritid ßies (Jamnongluk et al. 2002 , Arthofer et al. 2009a , Schuler et al. 2011 , ants (Reuter and Keller 2003) , parasitic wasps (Mouton et al. 2003) , an assortment of heteropteran bugs (Kikuchi and Fukatsu 2003) , butterßies (Hiroki et al. 2004) , sand-ßeas (Luchetti et al. 2005) , aphids (Wang et al. 2009 ), bark beetles (Arthofer et al. 2009b) , alnus ambrosia beetles (Kawasaki et al. 2010) , bumble bees (Li et al. 2011) , planthoppers (Hughes et al. 2011) , mosquitoes (Atyame et al. 2011) , Asiatic rice borer (Chai and Du 2011) , and pirate bugs (Watanabe et al. 2012) . The number of recognized superinfected hosts continues to increase. Arthofer et al. (2011) observed that Ϸ25% of species listed in the Wolbachia MLST database at that time were multiply infected, suggesting that multiple infection is relatively common. Because horizontal transfer occurs, strains participating in multiple infections are not necessarily descendants of a common recent ancestor. Contact among multiple strains within a host provides an opportunity for recombination (Reuter and Keller 2003 , Duron et al. 2005 , Baldo et al. 2006b , Ros et al. 2012 . Maternal inheritance of Wolbachia often results in a transmission linkage of Wolbachia strains with particular genotypes of another maternally inherited genome, the mitochondrial DNA (mtDNA), which can lead to reduced mtDNA diversity as the Wolbachia infection spreads (Turelli et al. 1992 , Shoemaker et al. 1999 , Behura et al. 2001 , Armbruster et al. 2003 , Roehrdanz and Levine 2007 .
Diabrotica barberi Smith & Lawrence, the northern corn rootworm, is a signiÞcant pest of corn (Zea mays L.). It is found in roughly the northeastern quarter of the United States, from the eastern Great Plains (Kansas up to North Dakota) eastward to the Atlantic coast (Krysan and Smith 1987) . It achieves major pest status primarily in Minnesota, Iowa, and South Dakota. A mtDNA boundary exists for northern corn rootworm populations that extends in a north to south direction in east central Illinois, that separates two clades of mtDNA haplotypes that are divergent by Ϸ2.5% (Roehrdanz et al. 2003) . The western part of the northern corn rootworm range is uninfected and has a diversity of mt clade A haplotypes. Central Illinois is also mt clade A, but a single haplotype dominates and they are infected with Wolbachia. Eastern Illinois and eastward have mt clade B and are infected with a different strain of Wolbachia (Roehrdanz and Levine 2007) . Infection with different strains of Wolbachia would appear to be the most likely driving factor in maintaining the mtDNA genetic boundary. Because that conclusion has not been conÞrmed with experimental crosses, the involvement of some other symbiont cannot be formally dismissed. The amount of Wolbachia diversity in northern corn rootworms has been measured using a single gene, wsp, a Wolbachia surface protein known to be highly variable (Baldo et al. 2005) . The northern corn rootworm results demonstrated the presence of at least Þve Wolbachia wsp variants (Roehrdanz and Wichmann 2013) . A preferred method of strain identiÞcation for Wolbachia is multilocus sequence typing (MLST) that combines the sequences from Þve conserved genes (Baldo et al. 2006a , http://pubmlst.org/wolbachia/). MLST is very effective when there is only a single infection; however, strain deÞnition can be very difÞcult in the presence of a multiple infection. Without some additional information, it is impossible to assign the different alleles of the Þve genes to particular linkage groups. A procedure called allele intersection analysis (AIA) has been proposed as a method to help identify strains in multiply infected species (Arthofer et al. 2011) . The underlying assumption is that because Wolbachia often appears to infect Ͻ100% of the individuals in a species, it may be possible to Þnd regional populations or individuals that are infected with only a subset of the strains. Subsets differing by only one strain would permit assignment of the odd alleles to that strain. We used the MLST approach on the same insects that had been the subject of the previous wsp study with the goal of more completely identifying the Wolbachia variants that were contributing to the multiple infection status. We also sought to determine whether wsp analysis or MLST produced clearer results in the presence of multiple infections.
Materials and Methods
Rootworms. Adult northern corn rootworms were collected and handled as previously described (Roehrdanz et al. 2003) . A sample of western corn rootworm (Diabrotica virgifera virgifera LeConte) was also included. The western corn rootworm is found in the same corn Þelds as the northern corn rootworm. The western is also infected with Wolbachia, and wsp results indicate that its infecting variant is identical (or nearly so) to one of the northern corn rootworm variants (Roehrdanz and Wichmann 2013) . MLST data could conÞrm this close relationship. The origins of speciÞc insects used in this work are summarized in Table 1 . Details of the corn rootworm collection sites and their Wolbachia infection status and a map of the collection sites are as previously published (Roehrdanz and Levine 2007) . Insects were chosen from several locations that have been determined from Wolbachia wsp results to be either singly infected or multiply infected (Roehrdanz and Wichmann 2013) . Insect and DNA samples are preserved at the USDA Biosciences Research Laboratory in Fargo, ND.
DNA Preparation and PCR. Total DNA from adult rootworms was prepared as described previously (Roehrdanz et al. 2003) . Polymerase chain reaction ampliÞcation was conducted for the Þve Wolbachia MLST alleles (gatB, coxA, hcpA, ftsZ, and fbpA) using the standard MLST primers and conditions described at the Wolbachia MLST Web site (http://pubmlst. org/wolbachia/). Additional amplicons of the ftsZ gene were obtained using the primers ftsZ-F (5Ј-TAC TGA CTG TTG GAG TTG TAA CTA AGC CGT) and ftsZ-R (5Ј-TGC CAG TTG CAA GAA CAG AAA CTC TAA CTC) that amplify Ϸ570 bp in the middle of the ftsZ gene (Jeyaprakash and Hoy 2000) . The ftsZ-FÐ fstZ-R sequences were obtained before the initiation of the MLST project, and we decided to combine the two ftsZ data sets. The PCR conditions for these ftsZ amplicons were 35 cycles of 95ЊC for 1 min, 50ЊC for 1 min, 72ЊC for 3 min. The PCR amplicons from the indicated insects were cloned using the StrataClone PCR Cloning Kit according to manufacturerÕs protocol The total number of clones for each insect is shown in Table 3 , and the number is broken down for each MLST allele in Supp Table 1 (online only) . DNA Analysis. The sequences for each allele were inspected, trimmed, and aligned using the VectorAdvance software package (Invitrogen Corporation, Carlsbad, CA). The size of the trimmed sequences are as follows: gatB, 429 bp; coxA, 446 bp; hcpA, 476 bp; fbpA, 467 bp. These segments are slightly larger than the standard for MLST analysis. The extra nucleotides were retained to maximize the difference between sequence clusters. It is noted later where the extra DNA results in two different sequences matching the same sequence in the MLST database. For the ftsZ sequences ampliÞed with the MLST primers the trimmed size is 481 bp. The segments using the ftsZ-F and ftsZ-R were trimmed to 570 bp. The ftsZ sequences from three beetles (1742, 1877, and 2095) have been reported previously (Roehrdanz and Levine 2007) . The analysis of the ftsZ gene used the 326 bp overlap of the two different amplicons. The alignments were transferred to MEGA5 (Tamura et al. 2011) where the evolutionary history was inferred by using the maximum likelihood method based on the TamuraÐNei model (Tamura and Nei 1993) . The tree with the highest log likelihood is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained by applying the neighbor-joining method to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach. The trees are drawn to scale, with branch lengths measured in the number of substitutions per site. All ambiguous positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGA5 (Tamura et al. 2011) . GenBank accession numbers for all of the MLST sequences are AY136551ÐAY136554, AF532961Ð AF532963, and KC578011ÐKC578248.
The MCL trees were used to deÞne sequence clades that are labeled alphabetically. Clade A was assigned to the most numerous group. Clade B was used for the sequences from the singly infected population. The remaining clades were assigned randomly. With one exception, at least three sequences with the same array of phylogenetically informative sites were required to establish a clade. One-off substitutions at nonphylogenetically informative positions were ignored. A number of sequences, mostly unique, did not fall in one of the deÞned clades. Inspection of the alignment of the phylogenetically informative sites revealed that these sequences could be obtained via recombination between two of the deÞned clades.
PCR ampliÞcations containing multiple template genotypes can generate recombinant molecules as products (Kobayashi et al. 1999) . These recombinants would not be apparent in direct sequencing of PCR products, but can be selected in the cloning process (Speksnijder et al. 2001) . We consider these hybrid sequences to be recombinant artifacts of the PCRcloning process and have labeled them as such.
To Þnd the most similar MLST allele, a representative of each clade was compared with the Wolbachia MLST database. The putative recombinants were also searched against the database. When there was no perfect match, the database allele(s) that differed by the fewest substitutions was obtained. For four of the MLST genes, our sequences were longer than those in the MLST database. A consequence of this is that some variation occurred outside of the MLST standard allele length. Therefore, sequences that are different in our analysis can show a perfect match to the same MLST database allele. The ftsZ sequence was shorter for the reason described above. In this case MLST database sequences may have variation outside of our ftsZ sequences. This can result in one of the shorter ftsZ sequences being a match to more than one MLST database allele. Combinations of alleles were also compared with the database for potential matches of strain proÞles. Wolbachia strains deÞned herein are named using the convention of "w" for Wolbachia followed by a three letter host species abbreviation (Bar for D. barberi and Vir for D. virgifera) and a letter designation (A, B, . . . etc.). The letter designations are to identify the different clades and should not be confused with letters used to deÞne Wolbachia super groups.
Results
The 51 gatB clones comprise four well-deÞned clades (A, B, C, and E), a number of recombinants, and two branches that straddle the line between legitimate new alleles and process recombinants (Fig. 1 ). There are 22 informative sites in the 429 bp analyzed. Branches D and F could both be derived from PCR recombination between A and C (Table 2) . However, each array of the informative sites was recovered three times which seems excessive for a PCR artifact. Therefore, we propose that the allele count from northern corn rootworm is at least six. The allele from western corn rootworm Wolbachia is part of gatB clade A but it carries a single substitution not found in any of the other sequences. The MLST database contains exact matches at 369 bp for sequences B, C, and E. Sequence type A has a single mismatch with gatB-34 and sequence type F has a single mismatch with gatB-34. Sequence type D is a single substitution mismatch to both gatB-33 and gatB-34 (Table 2 ). The western corn rootworm allele is a unique match to gatB-90. Some of the recombinants indicate zero differences with already assigned MLST alleles because the nucleotide positions involved in the exchanges lie outside of the 369 bp MLST template sequence.
Three clades were recovered for the coxA locus along with 10 recombinants among 29 clones (Fig. 2) . This is the highest ratio of recombinants among the Þve loci. Only two examples of clade C were found but they contained substitutions that were not found in A or B. One of the recombinant types, R(B-A), was also found twice. Nine informative sites were observed in 446 bp. The common sequences for all three clades have corresponding alleles in the MLST database for 402 bp (Table 2) . Three of the proposed recombinant sequences, R(C-A-C), R(B-A-B), and R(A-C-B), are products of double exchanges. The western corn rootworm derived sequences are identical to the common clade A sequence. Like coxA, the hcpA locus also exhibits three clades (Fig. 3) . However, hcpA has the lowest frequency of recombinants among the loci. Again the sequences originating from western corn rootworm are identical to the clade A majority sequence. There were 23 informative sites in the 476 bp segment. The three hcpA clades match MLST database sequences for 444 bp ( Table 2) .
The 467 bp fbpA sequences also branch into three clades with only two recombinant types among the 33 clones examined. Sequences from western corn rootworm also match the predominant type A (Fig. 4) . This gene contains the most polymorphic informative sites with 29. The three clades have matches in the database for 429 bp ( Table 2 ). The genetic distance of 0.047 between clades A and B is the highest observed for the MLST genes.
To use ftsZ sequences obtained before the MLST project, the earlier 570 bp segments and the 481 bp MLST primer derived sequences were trimmed to their 326 bp region of overlap. The resulting tree indicates three clades, A, B and C along with Þve recombinants. Western corn rootworm derived ftsZ is identical to the common clade A sequence (Fig. 5) . Diversity was not lost in the analysis of the 326 bp fragment. All nine informative sites found in the longer MLST amplicon are included in the shorter fragment. This legitimizes the matches to existing fstZ alleles. In clade A, 51 of the 326 bp sequences are identical and are a match for ftsZ-29. Of that total, 28 were obtained with the MLST primers and are identical for all 435 bp. The situation is similar for clade B. The short sequence matches ftsZ-153, as do several Table 1 . Numbers in parentheses are the number of identical clone sequences from that beetle. Clusters of sequence types are labeled alphabetically. R refers to clones determined to be recombinants. D/R? and F/R? are branches with some uncertainty if they are new sequence types or recombinants. WCR is a unique branch for western corn rootworm.
full MLST sequences. The clade C short sequence matches Þve different ftsZ alleles; however, only one of them, ftsZ-3 matches the longer MLST primed sequence (Table 2) .
Collectively, 239 sequences were examined for the Þve MLST genes. The largest number of clones was 80 for fstZ and the smallest number was 29 for coxA. Twenty-nine of the sequences or 12% have been identiÞed as recombinants. From the region where northern corn rootworm is known to be multiply infected, Þve Wolbachia variants were found in beetles 1656, 2121, and 2398. Four Wolbachia variants were obtained from 1698 and 2399, and three variants were found in 2400 and 2409. Beetles from the singly infected zone (2063, 2418 , and 1742) all carried a single variant corresponding to clade B for each MLST 
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gene (Table 3) . Insects 2095 and 1877 originated in the zone of multiple infection, but only a single ftsZ clone was obtained for each. Western corn rootworm also has a single variant. The MLST database gives a sequence type proÞle or strain type (ST) designation to unique combinations of alleles of the Þve genes that have been entered in the database (http://pubmlst.org/wolbachia/). One strain deÞned by our results incorporates the clade B alleles from all Þve genes found in the singly infected insects. The array gatB- 84, coxA-57, hcpA-196, ftsZ-153 , and fbpA-240 comprises strain type ST-351. Here it will be referred to as wBarB. This strain is also present in the region of multiple infection. Clade B alleles were present for all Þve genes in 2399 and 2409 and were found in at least one of the genes of the other multiply infected insects. Clade A alleles were found for every tested gene of the seven multiply infected northern corn rootworms; 138 of the 229 clones from northern corn rootworm were clade A. This makes a clade A assembly a good candidate for a second strain type, wBarA. If clades A and B each constitute a strain type, then a third strain composed of the clade C alleles would seem likely, although any one of the gatB alleles (C, D, E, and F) could be linked to other type C alleles. Western corn rootworm is also singly infected and all Þve of its alleles are present in the MLST database. However, a single strain with that combination of alleles has not been previously reported.
Discussion
Multiple infections of Wolbachia in insects present difÞculties in identifying exactly how many strains are participating in the infection and which alleles of different MLST genes are linked to a particular Wolbachia genome. Dealing with an insect species whose life cycle is not easily manipulated increases the difÞculty. Direct sequencing of PCR products does not usually work if there is more than one sequence in the pool of amplicons. A potential solution to this problem, AIA, Table 1 . Numbers in parentheses are the number of identical clone sequences from that beetle. Clusters of sequence types are labeled alphabetically. R refers to clones determined to be recombinants. WCR, western corn rootworm. Table 1 . Numbers in parentheses are the number of identical clone sequences from that beetle. Clusters of sequence types are labeled alphabetically. R refers to clones determined to be recombinants. WCR, western corn rootworm. Table 1 . Numbers in parentheses are the number of identical clone sequences from that beetle. Clusters of sequence types are labeled alphabetically. R refers to clones determined to be recombinants. WCR, western corn rootworm has been described by Arthofer et al. (2011) . In the simplest situation there are two infected insects. One has a single infection and the other a double infection.
The single infection deÞnes strain1. If the doubly infected insect harbors strain1 and another strain, the strain1 alleles can be eliminated as already known and the new set of alleles deÞnes strain2. If two doubly infected individuals share one strain, then three strains can be deÞned. This process can be extended by comparing various combinations of strains. The underlying assumption is that Wolbachia infections are rarely 100% penetrant, and in a multiply infected species it should be possible to Þnd individuals with different combinations of the various strains.
We tried this approach on the northern corn rootworm results. In this species, there is a geographical separation of singly infected and multiply infected beetles. The single infection deÞnes the strain wBarB (MLST . No hosts are shown for this strain in the database. In the multiple infections, excepting gatB, the other four of the MLST loci gave evidence of only three alleles each. Clade B alleles were present for all Þve genes in 2399 and 2409 and were found in at least one of the genes of the other multiply infected insects (Table 3 ). We can conclude that wBarB is shared by the singly infected and multiply infected populations.
Eliminating the B alleles from the multiple infection pool leaves the A and C alleles as the primary candidates for additional strains. None of the insects tested were missing one or the other groups of alleles. Type C was not found for all loci in all insects, but every locus that registered a type C also had a type A (Table  3) . Because the type A and type C could not be isolated, the AIA process reaches impasse. There is no way of knowing how many additional insects would need to be sampled to Þnd ones that lacked either the type A or type C alleles.
Another approach to strain identiÞcation needed to be employed. It is well established that in a Wolbachia multiple infection the titer of the different strains can vary widely. One strain can dominate while another might be only a few percent of the total infection load. The group of type A alleles is already named for the most numerous branches on the maximum likelihood trees. Clade A alleles were found for every tested gene of the seven multiply infected northern corn rootworms and 69% of the nonrecombinant clones were type A (Supp Table 1 [online only]). This makes a clade A assembly a good candidate for a second strain type, wBarA. The gatB consensus sequence differs by a Table 1 . Clusters of sequence types are labeled alphabetically. R refers to clones determined to be recombinants. Clone names beginning with ftsZ are sequences ampliÞed with MLST primers. Remaining clones are sequences ampliÞed with FtsF and FtsR primers. Numbers in parentheses are the number of identical clone sequences from that beetle. WCR, western corn rootworm. which has been found in Agelenopsis species (Araneae) . If clades A and B each constitute a strain type, then a third strain, wBarC, composed of the clade C alleles would seem likely. While wBarC must exist, its exact composition is uncertain. The group of C alleles is the only group remaining for coxA, hcpA, ftsZ, and fbpA, so there is no choice for those genes because wBarC contains those four C alleles. For the gatB locus types C and E were observed at essentially the same frequency. The strain corresponding to CCCCC (gatB-33, coxA-59, hcpA-68, ftsZ-3, fbpA-67) has not been speciÞcally reported despite the recording of all Þve alleles. However, the strain ECCCC (gatB-54, coxA-59, hcpA-68, ftsZ-3, fbpA-67) is in the database associated with two lepidopteron species. Because we are unable to determine which of these allele arrays is wBarC, we are again at an impasse. The number of alleles discovered for gatB indicates that a strain wBarD exists and most likely a wBarE and wBarF as well. The allele grouping CAAAA is in the database as ST-165 from Agelenopsis. The rare gatB D and F alleles could be linked to any one other three groups (A, B, or C) or some new combination of them.
The results of the MLST survey parallels and supports the previously reported data using wsp sequences from northern corn rootworm Wolbachia (Roehrdanz and Wichmann 2013) . Single infection status is conÞrmed for populations from central Illinois. MLST wBarB and wsp wBar1 together comprise the single infection strain. The single infection strain is part of the mix of strains in multiply infected individuals. In the MLST results, wBarA is much more frequent than any of the other strains from the multiple infections. In the wsp analysis, components of wsp wBar2 and wBar3 were recovered in nearly equal amounts. Therefore, we are unable to link a wsp variant with wBarA. Western corn rootworm is singly infected with the strain wVirA. It has the unique gatB allele and shares alleles at the other four loci with wBarA. All Þve of its alleles are present in the database. However, a single strain with that combination of alleles has not been previously reported. The western corn rootworm strain wVirA with type A MLST alleles is directly linked to wsp wBar2. It would be tempting to assume that wBarA would also be linked to wsp wBar2, but there are numerous examples in the MLST database of the same MLST strain with different wsp alleles and the same wsp variant with different MLST strains which would invalidate that assumption. None of the other MLST strains can be linked to wsp variants either.
To summarize, four to six potential MLST strains were identiÞed in the northern corn rootworm which compares with at least Þve variants from the wsp analysis. Based on previous examination of ftsZ and wsp sequences (Roehrdanz and Levine 2007) along with the six gatB variants described here, the Wolbachias infecting D. barberi all belong to Wolbachia supergroup A. Of the potential 18 allele sequences, 15 already exist in the MLST database. All three novel sequences came from the gatB gene. Strain assignment in multiple infections remains problematic. The AIA procedure fails if individuals with different combinations of the strains cannot be found. Relying on the relative abundance of alleles can separate two strains if their respective titers are signiÞcantly different. Only two of the multiple strains were convincingly deÞned, and one of those came from the singly infected population. Recombination generated by the PCR-cloning process is likely to obscure any legitimate intra-allele recombination that may have arisen in the multiple infections. Overall, the MLST results do not clarify the identity of the strains making up the Wolbachia multiple infection of northern corn rootworm. When the individual alleles at the Þve loci cannot be linked, the impact of the MLST regimen is compromised. Because essentially the same assessment of the multiple infection status was derived from the wsp sequences, there seems to be little reason to use both approaches in situations where the multiple infections cannot be teased apart.
